In the last decade, optical materials have gained much interest due to the high number of possible applications involving path or intensity control and filtering of light. The continuous emerging technology in the field of electrooptical devices or medical applications allowed the development of new innovative cost effective processes to obtain optical materials suited for future applications such as hybrid/polymeric solar cells, lasers, polymeric optical fibers, and chemo-and biosensing devices. Considering the above, the aim of this review is to present recent studies in the field of photonic crystals involving the use of polymeric materials.
Photonic Crystals
Nanomaterials with well-defined 3D repetitive arrays have found application in photonic devices, sensors, selective membranes, and even microchips.
Compared to a classic crystalline array, colloidal spherical particles replace the molecules, atoms, or ions in hexagonal close packed (HCP) structure or cubic close packed (CCP) structures [1] [2] [3] (Figure 1) .
Colloidal particles are able, through self-assembly processes, to be arranged into 3D structures leading to colloidal crystals. The resulting materials revealed interesting properties, presenting similar optical characteristics with synthetic opal and photonic crystals ( Figure 2) . One of the most facile routes for obtaining photonic crystals is based on the employment of polymer colloids with self-assembling properties [3] [4] [5] .
A photonic crystal is a periodic nanostructured material that influences the propagation of electromagnetic waves in a similar manner as a semiconductor does for electrons [3] .
Although photonic crystals have been studied since 1887, with one of the pioneers being Rayleigh [6] , the term has been introduced only in 1987, after the papers of two physicist working independently Yablonovitch and John [7, 8] .
In order to understand the behavior of photons inside a photonic crystal it is possible to compare it with the motion of electrons and vacancies in a semiconductor material as mentioned above. A proper example of photonic crystals occurring in nature is opals, which contain a natural periodic microstructure of silica microspheres of 15-900 nm, responsible for their iridescent color [9] . This structure allows the propagation of the photons through the crystal, while the interaction between the silica spheres and light makes possible the formation of allowed and forbidden energy bands, also known as band gaps or stop bands [8] . Thus, the propagation of the electromagnetic waves is forbidden for specific wavelengths.
Therefore, a photonic crystal is a powerful tool for light modulation in certain directions of space. Exploiting these properties, photonic crystals have been used in many optical applications, such as the use in sensors and monitors [10, 11] , bioassays [12, 13] , colour displays [14, 15] , solar energy [16] , and lasers [17, 18] . For all applications involving PCs one of the key parameters that have to be controlled is the band-gap position. The stop-band value depends primarily on three factors [19] [20] [21] [22] : the refractive index contrast between the dielectric components (solid and air usually), the lattice constant (the spacing between the spheres), and the filling factor (volume of the colloids related to the volume of surrounding media). In addition, one of the most challenging applications consists in fabricating photonic crystals with 3D band gap around 1.55 m representing the wavelength used in optical fibers [23] .
Polymeric Photonic Crystals
In order to obtain colloidal crystals, the most common methods consist in surfactant-free emulsion polymerization [5, 24] , precipitation polymerization [25, 26] , dispersion polymerization [27] , and seeded emulsion polymerization [28] . The absence of surfactants leads to polymer latex of high purity, and at the same time, the polymerization parameters (temperature, initiator and monomer concentrations, stirring, etc.) are facile to control. The final monodisperse polymer particles represent a class of materials that can be easily functionalized on the surface, therefore, increasing the number of possible applications [1] .
As it was specified in the previous section, colloidal crystals represent HCP or CCP structures, consisting of colloidal microspheres ranging from 100 nm to 1 m. Depending on the arrangement parameters the photons are forbidden to propagate inside colloidal crystals in certain directions, for specific wavelengths. If the lattice potential is strong enough, the gap might extend to all possible directions, resulting in a complete band gap [29] . This property allows the control of the light that interacts with the colloidal crystal.
Taking this into account, it is easy to realize that one of the most important optical properties of the colloidal crystals consists in light diffraction according to Bragg's law.
Bragg's Law.
In order to better understand the phenomenon that occurs inside a polymer photonic crystal, it is necessary to analyze the path of an incident beam that travels through the crystal planes.
The diagram below [30] (Figure 3 ) explains the pathway the beam B, which represents the extra distance traveled by beam A. Perpendicular lines, (l) lines, were drawn to both rays. Following this method two right triangles were obtained [30] .
The angle, marked , also called Braggs angle can be calculated from these triangles as sin = / . Therefore, the extra distance is 2 long or 2 sin long. This value is equal with a number of wavelengths ( ) for a strong beam (Bragg's law) = 2 sin 0.
(1)
When the Bragg equation is satisfied, the angle formed by the diffracted beam with the crystal plane is equal to the one between by the incident beam and the same crystal plane. In this situation, diffraction is similar to a reflection from a mirror (Braggs mirror effect), where the angle of incidence is identical to the angle of reflection [30] .
In the case of molecular, atomic, or ionic crystals, the interplanar spacing, , is in the range ofÅ, thus having the capacity of diffracting X-rays. In the case of colloidal crystals, is in the range of 100 nm, which implies the diffraction of light with wavelengths of the same order of magnitude (400-800 nm). Therefore, the colloidal crystal will diffract light with wavelengths corresponding to violet-blue-green and transmit it in the complementary radiation (orange-red) of visible light.
Bragg's Law on Colloidal
Crystal. The examination of a colloidal dispersion ( Figure 4 ) during and after solvent evaporation allows the observation of iridescence in different areas of the visible spectrum due to diffraction of the light in accordance with Bragg's law [31] .
The optical microscopy shows that the distance between the defaults due to water evaporation is only 150-200 m, which proves the high quality of the film, respectively, of the obtained opal [32] . The crystallization process reveals permanent changes in the color of the colloidal dispersion. In the first step, the dispersion is white due to Mie scattering, and is larger than polymer particles [33] . In the second step, the colloidal dispersion changes its colors as a consequence of reducing the interplanar distance. Figure 5 (a) shows a well-ordered close packed structure with a triangular arrangement that can be attributed to planes (111) of a CCP system [9, 31, 34] . Moreover the (fast fourier transform) FFT of the image ( Figure 5 (b)) displays sharp peaks confirming the existence of long-range crystalline order.
According to Bragg's law, the change of the angle between the incident radiation and photonic crystal leads to notable changes of the reflected wavelength, respectively, of the observed color ( Figure 6 ) [35, 36] .
UV-VIS spectra of polymer photonic crystals indicate in many cases sharp peaks, which confirm the existence of highly ordered structures, due to Braggs reflection of periodic arrangement of the polymer particles [37] [38] [39] [40] . Figure 7 (b) represents the reflection spectra of polymer colloidal crystals with different size particles (178 nm, 211 nm, 235 nm, and 270 nm) corresponding to photograph ( Figure 7 (a)) [41] .
Moreover, these materials show structural color changes ( Figure 8 ) under mechanical stress. In this case, the photonic crystal film, deposited on a plastic plate, changed from red to green as result of the modification of the interplanar distance, which is thus a change in the wavelength of the diffracted light [37] . Although, until now, polymer photonic crystals were not expected to exhibit full stop bands, they were easy to prepare, leading to materials that allow the control of the light that interacts with the crystalline colloidal arrays [3, 42] .
Applications of the Polymeric Photonic Crystals
In the last years, polymeric photonic crystals found application in optical devices [43] [44] [45] and sensors [46] or as templates for other interesting porous-media applications taking advantage of their optical properties, composition, or morphology [26, 47, 48] .
Templates for Porous-Media Applications.
Polymer colloidal crystals without complete band gaps can still be used as templates to create new structures with complete band gaps [49] . The first step in obtaining inverse opal is to arrange by self-assembly polymer colloidal spheres into periodic arrays ( Figure 9 ). The voids between the polymer particles can then be filled with different solutions that play the role of matrix. After this procedure, the polymer spheres are removed by dissolution or calcination leaving air spaces in the matrix. The resulting system is a photonic crystal with different optical properties (incremental shift and broadening with respect to those in spectra of parent opals) ( Figure 10) .
Waterhouse et al. [9] obtained inverse opal structures by depositing inorganic particles such as silica, titania, and ceria respectively, by a sol-gel method in the voids of a polymeric photonic film. The poly(methyl methacrylate) polymer self-assembled spheres (Figure 11 (b)) were removed by calcination at 550 ∘ C. The process resulted in obtaining a macroporous matrix with CCP ordered air spheres separated by inorganic nanoparticles according to the layout presented below (Figure 11(a) ). The macroporous materials formed were characterized by SEM analysis in comparison with the polymer poly(methyl methacrylate) templates in order to put into evidence the inverse opal structures highlighted in Figure 11 (c) [9] .
Macroporous 3D structures were obtained also by a dipcoating procedure explained by Moon et al. [50] . In this study, Schematic illustration of the self-assembly of colloidal spheres on a cylindrical glass fiber (A) and the inverted structure with glass fiber core (B), respectively, with hollow core (C) [50] .
structure on the cylindrical glass substrate during the evaporation of the solvent. Then, a solution of polyurethane was infiltrated between the poly(styrene) arranged spheres and polymerized. The macroporous cylindrical structure was obtained on a glass fiber support by dissolving the poly(styrene) spheres. By removing the inner core an inverted porous structure with hollow core was obtained (Figures 12  and 13) .
Moreover, the authors demonstrated that these structures have a controllable pore size by using colloidal particles with different dimensions. Therefore, these porous fibers are suitable for separation of membranes or catalyst support [50] .
Kalinina et al. [51] proposed a new method in order to obtain materials with optically sensitive matrix starting from monodisperse core-shell colloidal particles. In the first step of this study, the particles that possess a hard core of poly(methyl methacrylate) and a relatively soft shell of poly(butyl methacrylate) are self-assembled in a crystalline array. The film is annealed at a temperature that is above the glass transition temperature of the polymeric shell and below the of the polymeric core. At this temperature, the shell fills the air spaces between the colloidal particles, leaving a matrix with intact cores and totally different optical properties towards the initial polymer film. The incorporation of a fluorescent dye during the polymerization process of the shell forming polymer resulted in a substantial reduction in optical contrast between the particles and the matrix [51] .
The type of the matrix often influences the specific applications of inverse opal structures. A polymer matrix formed by poly(methyl methacrylate), polystyrene, polyurethane, or electroconducting polymers is suitable for optical devices. For example, polypyrrole, polythiophene, or polyaniline films with inverse opal structure are assembled on ITO conductive glass used in solar cells [52] . It is worth mentioning the fact that an inorganic matrix formed by semiconductors (like Ge, TiO 2 , InP, and CdSe) or other metal compounds [53] found application in realization of infrared active optical materials due to their high refractive index [54, 55] , while polymer inverse opals can be used in medicine as scaffolds for tissue engineering or cell culture [56] (Figure 14) .
Sensors.
The refractive index is a result of the interplanar distance and the type of packing of the polymer/inorganic spheres according to Bragg's law. Practically, the stop band is directly proportional with the interplanar distance, . In other words, any variation of should determine a shift in the diffraction peak of the reflected light. This property of the crystalline 3D arrays makes these materials suitable for optical sensors [1] . Polymer photonic crystals are used in optical sensors, coupled to a transduction device that identifies the optical diffraction shifts that occur once the external medium changes.
Optical sensors based on colloidal crystals (sometimes embedded in hydrogels) are known for their simplicity and low cost and efficiency. In the last years, remarkable results to the preparation of photonic crystal sensors that are highly sensitive to a series of pH [57] , temperature [58] , solvent swelling [59] , ionic strength, ions [60] , and biomolecules [61] have been obtained.
In addition, colloidal crystals were also used to develop new sensors for the detection of endocrine-disrupting chemicals like bisphenol A (BPA) at low costs. Guo et al. [62] explain the concept of photonic crystals-based sensors using combined photonic crystal technology and molecular imprinting techniques. First, poly(methyl methacrylate) spheres were modified with nanocavities derived from the BPA-imprinting method. The modification of the colloidal spheres by these techniques affords nanocavities distributed in the polymeric crystalline array which allow the photonic crystal sensor to identify BPA specifically. Using these procedures the changes in diffraction intensity, which are related to BPA concentrations, can be observed (Figure 15 ), even at very low concentrations of BPA ranging from 1 ng/mL to 1 g/mL.
In a recent study, Hu et al. [63] developed an optical sensor sensitive for anions, starting from the properties of an ionic liquid based monomer and photonic crystals.
Therefore, a photopolymerization was conducted using an imidazolium-based ionic liquid monomer (1-(2-acryloyloxyhexyl)-3-methylimidazolium bromide) with methyl methacrylate, a cross-linker and initiator in a solvent mixture (methanol/chloroform), and infiltrated in a photonic crystal consisting of silica colloidal particles. After removal of the inorganic silica particles, a porous inverse opal film was obtained (Figure 16(a) ).
The new photonic ionic liquid films were immersed in anionic aqueous solutions. The anions bonded onto the film surface, reducing its hydrophilicity. As a consequence, the volume of the film changed (shrunk) leading to strong modifications of the resulting photonic structures stop bands (Figure 16(b) ).
In Figure 16 (c), the color changes can also be observed with naked eye, representing a much easier and in-expensive method for identifying anions. Moreover, it was also possible to identify the polarity of different solvents using these photonic ionic liquid films, due to the interactions between the terminal groups of the ionic liquid and solvent [63] .
Although the use of ionic liquids in optical sensors is limited due to time-consuming or difficult synthetic procedures, this new approach based on photonic colloidal crystals afforded a system for rapid, naked-eye detection of anions.
Considering that there are about 10 8 ionic liquids [63] this procedure might allow the development of more ionic liquid monomers for advanced applications in photonic crystals.
Optical Devices.
Recently, the propagation mechanism of light inside 3D polymer colloidal crystals gained much interest, leading to an important progress in photonic applications such as microlasers, waveguides, or photonic crystal fibers [45] .
In other words, Furumi et al. [18] fabricated a colloidal crystal film using 200 nm polystyrene colloidal particles, followed by the thermal polymerization of dimethylsiloxane in the air voids of the 3D structure. Next step consisted in International Journal of Polymer Science introducing a light emitting planar defect based on fluorescent dye (rhodamine 640) dispersed in a poly(ethylene glycol) diacrylate film in order to obtain a laser effect, resulting in sandwich-type structure ( Figure 17) . Therefore, the plastic film through excitation with a green wavelength affords a red laser emission as suggested in Figure 18 . Photonic crystal microfibers were obtained by Míguez et al. [64] using an inverted silicon colloidal crystal. First, in rectangular microchannels, colloidal particles of silica ranging from 250 nm to 900 nm were self-assembled in FCC structure. After a coating process of the silica spheres in order to control the connectivity between the particles, the microchannels are infiltrated with silicon by a chemical vapor deposition method. The silicon fills the interstitial spaces from the silica colloidal structure. In order to obtain the 3D silicon inverse structure the silica particles are removed, and the resulted microfibers are investigated by SEM and optical microscopy ( Figure 19 ).
In Figure 19 constant in the structure, thus resulting in distinct reflected colors, is illustrated in Figure 19 (b) [64] . Compared to inorganic fibers, this method provided a simple synthesis procedure for obtaining microfibers with higher flexibility and controllable optical properties. As the authors suggested [64] , the optical properties of the synthesized photonic crystal microfibers could make them suitable in future for optical components in microcomputers replacing the conventional semiconductor nanowires.
In conclusion, the aim of this review has been to briefly present the concept of photonic crystals and the advantages of obtaining these structures using polymeric materials. The property of self-assembling remains one of the key characteristics that motivate the use of these materials. Control of the self-assembly process as well as of the morphology attained allows the elaboration of new materials capable of interacting with light and able to be incorporated into novel devices.
The doping with various dyes, the interaction with inorganic particles in hybrid systems innovative synthesis techniques for specific applications (molecularly imprinted polymers, synthesis in the presence of ionic liquids) constitute new topics for novel and innovative applications based on polymeric colloidal particles and photonic crystals.
